We report a detailed analysis of the shape, size, and composition of self-assembled InAs quantum dots based on cross-sectional scanning tunneling microscopy ͑X-STM͒ experiments. X-STM measurements on 13 individual quantum dots reveal an ellipsoidal dot shape with an average height of 8 nm and a diameter of 26 nm. Analysis of the outward relaxation and lattice constant profiles shows that the dots consist of an InGaAs alloy with a profound gradient in the indium concentration in both horizontal and vertical directions. These results are important to obtain a deeper understanding of the relationship between the structural and electronic properties of semiconductor quantum dots. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3072366͔
The physical properties of nanosized objects such as semiconductor quantum dots ͑QDs͒ strongly depend on their actual dimensions and composition. To fully exploit QDs for advanced applications 1,2 and to better understand the underlying physics, it is therefore important to investigate this structure-property relationship. In many studies on epitaxial QDs, however, there is only limited information on their structure, [3] [4] [5] [6] and in order to describe those experiments an idealized QD shape and composition had to be assumed. This lack of information hinders a thorough interpretation of experimental results and limits the applicability of theoretical calculations. [7] [8] [9] Recent progress in advanced structural characterization techniques made it possible to determine the shape and composition of In͑Ga͒As QDs, demonstrating a large variety in shape: lens-shaped dots found by tunneling electron microscopy, 10, 11 pyramid-shaped dots by crosssectional scanning tunneling microscopy ͑X-STM͒ ͑Ref. 12͒ and more complicated faceted shapes by STM. 13 A major advantage of X-STM is that it is able to characterize QDs embedded in a matrix, which can be substantially different from those at the sample surface, as measured by atomic force microscopy and STM.
14 Indeed, X-STM experiments on embedded InAs QDs ͑Ref. 15͒ and quantum rings 16 have shown that their actual electronic properties could only be explained by the unexpected geometry and composition of nano-objects.
Here we present X-STM measurements on p-type InAs QDs, which are physically very relevant to understand fewparticle effects in quantum confined systems. [17] [18] [19] We find an unprecedented ellipsoidal shape with a large indium gradient in both vertical and horizontal directions. This result can be used as input for realistic models to better understand the charging characteristics and optical properties of semiconductor QDs.
The sample used consists of a p-doped GaAs back contact, followed by a 19 nm undoped GaAs tunneling barrier, a single InAs QD layer, a 19 nm thick GaAs tunneling barrier, an AlAs/GaAs superlattice, and a GaAs cap layer. The QD layer was grown by 15 repetitions of 0.2 nm InAs at a temperature of 525°C. The wafer was rotated during the growth procedure. This sample is identical 19 or similar 17, 20, 21 to those previously studied using photoluminescence ͑PL͒ and capacitance-voltage ͑CV͒ spectroscopy. The 4.2 K PL spectrum is centered around an energy of 1.07 eV with a full width at half maximum of 26 meV. CV spectroscopy reveals up to six clear charging peaks that correspond to the sequential filling of the QDs by single holes. 17, 19 The relatively narrow PL lines and the observation of individual charging peaks evidence the large uniformity of the QDs. We estimate an inhomogeneous size distribution of only 5%. X-STM measurements have been conducted at room temperature in an ultra high vacuum chamber ͑p Ͻ 4 ϫ 10 −11 Torr͒ on the ͑in situ cleaved͒ ͓011͔ cross-sectional surface. Polycrystalline tungsten tips prepared by electrochemical etching have been used. The images have been taken at high voltage ͑ϳ3.0 V͒ to suppress the electronic contrast and to enhance the topographic contrast due to the outward relaxation. 22 After cleavage of the sample, the indium-rich regions relax out of the GaAs matrix due to the strain caused by the 7% lattice constant mismatch between GaAs and InAs. Determining the outward relaxation thus provides a measure for the local indium content inside the dot.
We investigated 13 individual QDs originating from a piece of the wafer next to the part that has been used for PL and CV measurements. 19 Representative topography images are shown in Fig. 1͑c͒ ͑after Fourier filtering to highlight the atomic layers͒ and Fig. 2͑b͒ ͑as measured͒. These images represent the QD with the largest measured height of 8.1Ϯ 0.4 nm with a diameter of 27.5Ϯ 4 nm. Figure 1͑b͒ shows the height-base diameter distribution for all 13 dots, where the tallest dot ͓Fig. 1͑c͔͒ corresponds to the encircled data point. The height-base diameter statistics contains important information on the average shape of the QDs. Considering their high uniformity we assume that all dots are identical. The measured height and base diameter then merely depend on the cleavage plane through the dot, occurring at random positions. For instance, the dot with the largest measured height is thought to be cleaved through its middle plane, whereas the others are cleaved closer to the edge. Each dot shape has therefore a specific height-base diameter relationship. Remarkably, the statistics of the 13 dots strongly deviates from a pyramidal shape ͑dotted line͒, previously found by X-STM. 12, 22 Better agreement is found using a lens-shape ͑dashed line͒ or ellipsoidal ͑solid line͒ QD, which agrees well with the topography of the dot ͓out-lined in Fig. 2͑b͔͒ .
To obtain a full characterization of the QD shape and composition we performed a detailed analysis of the representative dot in Figs. 1͑c͒ and 2͑b͒. In particular, the indium concentration profile follows from analysis of the lattice constant ͓Fig. 1͑a͔͒ and the outward relaxation ͓Fig. 2͑a͔͒. The lattice constant is determined in the middle of the dot by taking line profiles across the cleaved surface and measuring the distances between the atom rows, using the Fourier filtered topography image ͓Fig. 1͑c͔͒. The lattice constant increases from the GaAs value at the bottom of the dot to the InAs value at the top.
The measured outward relaxation at different lateral positions in the cleavage plane ͓cf. Fig. 2͑b͔͒ is compared with simulations ͓Fig. 2͑a͔͒. The simulation is performed with finite element calculations based on continuum elasticity theory. In these calculations the QD consist of an InGaAs alloy, in which the internal indium concentration profile is described by an expression that uses the indium end concentrations at different points inside the dot and using linear interpolation in between. The dot is assumed to be surrounded by a pure GaAs matrix and is on top of a seven monolayer thick In 0.225 Ga 0.775 As wetting layer ͑WL͒. The thickness of the WL has been determined experimentally by X-STM at a position far from a QD ͑not shown͒ and agrees well with a total indium content of 1.7 ML.
Comparing the measured and modeled outward relaxation, we obtain excellent agreement with an ellipsoidal dot, whose shape is described by the equation ͑x / 13͒ 2 + ͑y / 8͒ 2 =1 ͑dimensions in nm͒ and with the indium profile depicted in Fig. 3 . The indium concentration varies significantly over the dot. The fraction InAs increases vertically from 70% at the base center to 100% at the top center. In addition, horizontally the fraction InAs decreases to 25% at the base edge, evolving in a 22.5% 7 ML thick WL. These dot parameters nicely reproduce the variation in the lattice constant in going from bottom center to top center as shown by the solid line in Fig. 1͑a͒ , which is further evidence of the large gradients in indium content.
It is important to note that this level of agreement between simulation and data could not be obtained with a lensshaped dot or using an ellipsoidal dot without WL. The present simulations thus represent the simplest dot shape and composition that matches the data. More complicated faceted dots 13 cannot be disregarded but additional minor changes in the dot shape would not greatly influence the results we have found. Our relatively tall dots with large indium gradients differ significantly from some of the dots previously used in calculations, where usually a fixed InAs fraction is assumed.
Linking this geometry and composition to the previously performed PL and hole charging experiments in high magnetic fields on the same sample 19 requires a sophisticated model, which is beyond the scope of this paper. However, by qualitative arguments we are able to explain the PL emission energy of these dots. In view of the strong indium gradient found in these dots and the fact that the energy gap of InAs is lower than that of GaAs, the wave function is expected to be localized primarily in the top ͑indium rich͒ region of the QDs. This would reduce both the effective height and the effective diameter that have to be used as input parameters in a simplified model to calculate the emission energy. Furthermore, our measured geometry can be used as input for calculations to determine the hole charging sequence and the character of the hole wave functions, which are still under debate.
In conclusion, we measured the shape, size, and composition of self-assembled InAs QDs in a GaAs matrix. We found that the dot shape is best described by an ellipsoid with a strong indium gradient in both horizontal and vertical directions. This conclusion is supported by the outward relaxation and lattice constant profiles across the dot, and by the height-base diameter statistics on 13 individual QDs. These results are crucial for a more thorough understanding of the influence of the dot's geometry on its spectroscopic properties.
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